The major regulator controlling the physiological switch between aerobic and anaerobic growth conditions in Escherichia coli is the DNA binding protein FNR. To identify genes controlled by FNR, we used Affymetrix Antisense GeneChips to compare global gene expression profiles from isogenic MG1655 wild-type and ⌬fnr strains grown in glucose minimal media under aerobic or anaerobic conditions. We found that 297 genes contained within 184 operons were regulated by FNR and/or by O 2 levels. The expression of many genes known to be involved in anaerobic respiration and fermentation was increased under anaerobic growth conditions, while that of genes involved in aerobic respiration and the tricarboxylic acid cycle were repressed as expected. The expression of nine operons associated with acid resistance was also increased under anaerobic growth conditions, which may reflect the production of acidic fermentation products. Ninety-one genes with no presently defined function were also altered in expression, including seven of the most highly anaerobically induced genes, six of which we found to be directly regulated by FNR. Classification of the 297 genes into eight groups by k-means clustering analysis indicated that genes with common gene expression patterns also had a strong functional relationship, providing clues for studying the function of unknown genes in each group. Six of the eight groups showed regulation by FNR; while some expression groups represent genes that are simply activated or repressed by FNR, others, such as those encoding functions for chemotaxis and motility, showed a more complex pattern of regulation. A computer search for FNR DNA binding sites within predicted promoter regions identified 63 new sites for 54 genes. We suggest that E. coli MG1655 has a larger metabolic potential under anaerobic conditions than has been previously recognized.
For many bacteria, O 2 plays a critical role in the regulation of numerous cellular processes. The utilization of O 2 as a terminal electron acceptor during aerobic respiration results in the highest conservation of cellular energy and therefore provides a great energetic advantage to microorganisms (93) . O 2 in excess, however, can be detrimental to cells because of the production of reactive oxygen species (35) . Many bacteria have evolved adaptive strategies to balance consumption of O 2 for energy metabolism with detoxification of reactive oxygen species. In addition, it is well established that Escherichia coli and other facultative anaerobes are genetically programmed to adapt between environments of high and low O 2 levels (87). In the case of E. coli, removal of O 2 causes major changes in the expression of pathways that promote energy conservation (67, 93) . For example, the expression of genes encoding respiratory enzymes that utilize O 2 as an electron acceptor (e.g., cytochrome oxidases) is repressed, whereas the expression of genes encoding enzymes that utilize alternative electron acceptors, such as nitrate, fumarate, etc., or that promote fermentation is increased under anaerobic conditions. Nevertheless, while many cellular activities that function under anaerobic conditions have been uncovered, we still lack a comprehensive view of the anaerobic lifestyle of E. coli, even though one of its important ecological niches is the low-O 2 environment of the gut.
FNR and the two-component regulatory system, ArcAB, are the two major regulatory systems that respond to decreases in O 2 levels in E. coli (29) . FNR has an O 2 -sensitive [4Fe-4S] 2ϩ cluster that directly senses O 2 and regulates site-specific DNA binding (40) . In contrast, ArcAB senses signals emanating from the aerobic respiratory chain, indicating at least two divergent yet fundamental mechanisms for O 2 sensing in this organism (26) . Recent gene expression profiling studies have identified 55 operons of the ArcA regulon (52) . In an attempt to further our understanding of the metabolic potential of E. coli under anaerobic growth conditions, we sought to identify additional genes that are controlled by the global regulator FNR through genome-wide expression studies.
Previous studies have shown that FNR controls the expression of Ͼ100 gene products in E. coli (67, 75) . Known FNRactivated genes include those encoding enzymes for the anaerobic oxidation of carbon sources, such as glycerol and formate, genes encoding enzymes for the anaerobic reduction of alternate terminal electron acceptors, such as nitrate, fumarate, and dimethyl sulfoxide (DMSO), and genes encoding proteins for transport of these carbon sources or electron acceptors. FNR also represses the expression of genes that are needed for aerobic metabolism, such as the respiratory enzymes NADH dehydrogenase II and cytochrome oxidases. As a consequence, FNR-dependent gene expression allows compounds such as fumarate or nitrate to replace O 2 as a terminal electron acceptor in order to sustain the energy-conserving pathways of oxidative phosphorylation under anaerobic conditions. Genome-wide expression approaches have been invaluable in identifying genes that respond to changes in environmental conditions. In this study, we chose to analyze the gene expression profiles from strain MG1655, since this strain is considered to best represent wild-type E. coli K-12 and it is the strain from which the genome sequence was determined (7) . We used Affymetrix arrays (derived from the MG1655 DNA sequence) to determine which genes are differentially expressed in response to O 2 and/or FNR. Our data include many of the known FNR-regulated genes as well as many new genes not previously implicated in the anaerobic response. During preparation of this paper, Salmon et al. (73) reported results of global gene expression profiles of E. coli K-12 strain MC4100 grown under aerobic and anaerobic conditions and the effect of FNR on these global gene expression patterns. We also compare the results from these two independent studies.
MATERIALS AND METHODS
Bacterial strains and growth conditions. E. coli K-12 strain MG1655 (seq) and an isogenic ⌬fnr::⍀Sp r Sm r strain (constructed by P1 transduction using RZ8459 [46] as the donor) were used in this study. The strains were grown under aerobic or anaerobic conditions at 37°C in MOPS (morpholinepropanesulfonic acid) minimal medium (TekNova Inc.) containing 0.1% glucose. Aerobic culture conditions were obtained by shaking 100 ml of culture in a 1-liter flask at 225 rpm in a standard laboratory shaker, while anaerobic conditions were achieved by continuously sparging in a Cytolift Glass Airlift Bioreactor (Kontes) with a 95% N 2 and 5% CO 2 gas mix. (No significant differences were found when comparing microarray data obtained from cells aerated in the laboratory shaker and sparged with air in the Bioreactor.)
RNA isolation and labeling. Fifteen milliliters of mid-log-phase cultures (optical density at 600 nm of 0.2 for aerobic cultures and 0.1 for anaerobic cultures) was immediately mixed with 30 ml of Bacteria RNA protect reagent (QIAGEN). RNA was then isolated according to the Masterpure total RNA isolation kit (Epicentre). To label RNA by the method of Rosenow et al. (72) , 10 g of total RNA (measured by its absorbance at 260 nm using an ε of 0.025 [g ml] Ϫ1 cm Ϫ1 ) was mixed with 500 ng of random hexamers and reverse transcribed with 1,200 U of Superscript II (Invitrogen) for 90 min at 42°C. Two units of RNase H and 1 g of RNase A were added to the reaction mix and incubated at 37°C for 10 min to degrade any remaining RNA. The cDNA was purified with a Qiaquick PCR purification kit (QIAGEN) and subsequently fragmented with 0.2 U of DNase I (Epicentre) for 10 min at 37°C. The 3Ј terminus of the fragmented cDNA was labeled with 2.5 M biotin-N 6 -ddATP (Perkin-Elmer) at 37°C for 2 h using 20 U of terminal transferase (NEB).
DNA microarray hybridization and analysis. Biotin-labeled fragmented cDNA (2.5 g) was hybridized to E. coli antisense genome arrays (Affymetrix) at 45°C for 16 h as recommended in the GeneChip technical manual (Affymetrix). The probed arrays were scanned at 570 nm at a resolution of 3 m using a confocal laser scanner (Hewlett-Packard G2500A). Gene expression levels were calculated with Microarray Suite 5.0 software (Affymetrix). The mean hybridization signal of all probe sets on each array was scaled to a common value of 1,000 (see the supplemental material). The average signal intensity value of each gene was transformed to a log 2 (log base 2) value to simplify data handling. We used a log 2 signal intensity value of 8 or larger rather than the Affymetrix algorithm to determine whether a gene was expressed in order to retain less highly expressed genes in the data set. Nevertheless, 90% of the genes that had an intensity value larger than 8 were also called present by the Affymetrix algorithm. The change between two experimental conditions (n-fold) was calculated by taking the ratio of the signal intensity (difference of the log 2 value) between two experimental conditions. For each strain and growth condition, three independent cultures were prepared and the RNA was analyzed. The correlation coefficient between signal intensities of any replicate was ϳ0.96.
ScanAce. The algorithm ScanAce (33) was used to identify the best-matching FNR binding sites within the promoter region of genes that were differentially expressed between wild-type and fnr mutant cells under aerobic and anaerobic conditions. The 22 FNR sites (see the supplemental material) that were used to build the site matrix were chosen using published criteria that either mutagenesis of the site resulted in a loss of FNR regulation or the site was defined by footprinting. Sites were retained if they scored better than 1 standard deviation below the mean of the scores for each of the sites used to define the motif and were positioned between Ϫ1 and Ϫ400 bp upstream of each gene's translation start site. The majority of sites scoring higher than 9 had no more than 3 mismatches from the consensus sequence (TTGATNNNNATCAA).
Construction of single copy promoter-lacZ fusions. Promoters of interest were amplified from the chromosome by using gene-specific primers flanked by XhoI or BamHI restriction sites. The positions of the fragments relative to their respective translational start sites are as follows: for ydjX, Ϫ4 to Ϫ274; for ynfE, Ϫ3 to Ϫ272; for ydhY, Ϫ57 to Ϫ331; for ydfZ, ϩ16 to Ϫ231; for yfcZ, ϩ16 to Ϫ312; for talA, Ϫ9 to Ϫ234; for cusC, Ϫ14 to Ϫ312; for sufD, Ϫ3 to Ϫ232; for csgD, Ϫ8 to Ϫ319; and for sufA, ϩ5 to Ϫ229. The resulting PCR fragments were digested with XhoI and BamHI and directionally cloned into plasmid pPK7035, described below, containing XhoI and BamHI sites inserted between lacZ and a Functional group assignments are those described by Serres et al. (77) . wt, wild type.
b The change (n-fold) between two experimental conditions was calculated by taking the ratio of the signal intensity (difference of the log 2 value) between two experimental conditions. Genes that showed at least a threefold increase in mRNA abundance relative to the control and had an average log 2 signal intensity greater than 8 were considered upregulated. Conversely, genes whose transcript abundance decreased more than threefold and had an average log 2 signal intensity greater than 8 in the control were considered downregulated.
c The same genes could appear in more than one comparison using this classification system. the kanamycin resistance gene, so that lacZ expression is driven by the promoter fragment. This lacZ promoter construct was then recombined into the chromosomal lac operon by transformation of a second set of PCR fragments containing 36 nucleotides (nt) of lacI, the kanamycin resistance gene, a transcription terminator, the promoter fragment of interest, and ϳ900 nt of lacZ in a strain overexpressing the lambda red recombinase (22) ; these PCR fragments were generated by a primer containing 36 nt of lacI flanked by 18 nt of the kanamycin resistance gene (5Ј-GGCACGACAGGTTTCCCGACGAAAGCGGGCAGTG AGCCCGGATCAATTCCCCTGCTC-3Ј) and a lacZ primer (5Ј-GACGCGAT CGGCATAACC-3Ј).
Recombinants were selected for Kn r and screened for the Lac ϩ phenotype. To verify that the promoter-lacZ fusions recombined at the lac operon, this region of chromosomal DNA was amplified by PCR with gene-specific primers: lacI (5Ј-GCAATCAGCTGTTGCCCGTCTCACTGG-3Ј) was used pairwise with either kan (5Ј-GCTGCCGCAAGCACTCAGG-3Ј) or lacZ (5Ј-CCGCACGATA GAGATTCGG-3Ј). After confirming the constructs by PCR and DNA sequencing, P1 transduction was used to move the Kn r promoter-lacZ fusion to RZ4500 and its FNR Ϫ derivative RZ8459 (46) . The rpoS-lacZ fusion was constructed by Sledjeski et al. (80) .
pPK7035 was constructed by ligation of the kanamycin resistance gene, including the sequence corresponding to 600 bp upstream of the translational start site and 200 bp downstream of the translational stop site, from pHP45⍀ (25) , and 900 bp of the lacZ sequence from pRS1553, including 100 bp upstream of the start codon (78) , into the BamHI-NdeI site of pBR322 (9) . To minimize readthrough transcription from the Kn r gene, the orientation was constructed to be opposite to that of lacZ, and the strong transcriptional terminator adjacent to the Assay of ␤-Gal. Assays of ␤-Gal from whole cells were carried out as described previously (46) . Strains were grown anaerobically in M9 minimal liquid medium (60) containing 0.2% (wt/vol) glucose, 10 M ferric ammonium citrate, and 2 M ammonium molybdate to an A 600 of 0.2 to 0.4.
In vitro transcription assays. For in vitro transcription analysis, the chromosomal PCR fragments used to make the promoter-lacZ fusions were ligated into a pUC19-spf derivative (24) in which the SalI site was replaced with an XhoI site by site-directed mutagenesis. In vitro transcription assays were performed using 2 nM template DNA, 1 M FNR-D154A (46) , and 50 nM RNAP holoenzyme as previously described (46) . Transcripts labeled with [
32 P]UTP were quantified with a Molecular Dynamics phosphorimager and ImageQuant version 1.2 software.
RESULTS AND DISCUSSION

Strategy for identifying genes regulated by O 2 and/or FNR.
To identify which genes of E. coli K-12 are differentially expressed under anaerobic conditions and to determine the role of FNR in this process, we compared changes in transcript profiles of an FNR Ϫ mutant with its wild-type parent, MG1655, grown under both aerobic and anaerobic conditions. By using comparisons of pairwise combinations of the four different experimental conditions (aerobic and anaerobic growth of both FNR ϩ and FNR Ϫ strains), we identified 297 genes that showed a greater-than-threefold change in gene expression with a P value of Ͻ0.05 (Student's t test) and had at least an average log 2 signal intensity greater than 8 when at least one experimental variable was changed. We also calculated the q value for each gene in the pairwise comparison (see the supplemental material). The P value is a measure of the false positive rate, and the q value is a measure of the false discovery rate (86) . These data also showed that a slightly greater number of MG1655 genes were expressed under anaerobic growth conditions (2,257) than under aerobic conditions (2,157). Many of the 297 genes are located in operons with other genes that fell below the threshold established in this analysis. If all genes in an operon are taken into account, then 184 operons comprised of 465 total genes are regulated by FNR and/or O 2 .
The 297 genes fall into 23 functional groups based on the E. coli gene annotation by Serres et al. (77) ( Table 1 ), indicating that a diverse set of functions is regulated by O 2 . Nevertheless, a large number (23.6%) of these genes function in energy and central intermediary metabolism, consistent with the metabolic changes previously observed between aerobically and anaerobically grown cells (Fig. 1 ). In particular, the expression of genes known to be involved in anaerobic respiration and fermentation was increased under anaerobic growth conditions, while those involved in aerobic respiration and the tricarboxylic acid (TCA) cycle were repressed under anaerobic conditions. Surprisingly, the expression of many of the genes encoding functions involved in chemotaxis, motility, and surface structures was increased under anaerobic conditions, a finding we believe has not been previously reported. Of particular significance was the observation that 30.6% of the genes identified have no presently defined function, and seven genes (ynfEFG, ydfZ, ydhV, yhiE, and yliH) of this gene class were the most highly induced under anaerobic conditions. Taken together, these data suggest that we have a limited view of the functions regulated in response to changes in environmental O 2 in E. coli.
Clustering of regulated genes into eight groups by gene expression patterns. k-means clustering (30) provided a tool to classify the 297 genes by gene expression patterns into eight major groups (Fig. 2) . k-means clustering was applied 8 with k running from 1 to 16, and the total within-cluster sum of Euclidean distance squares for each clustering was computed. A kink in the sum of squares curve located at a k of 8 indicates that 8 is the optimal number of clusters (32) . The expression patterns of groups I, II, III, and V were similar to those that have previously been observed with FNR-regulated genes, supporting the notion that other genes in these classes may be directly regulated by FNR. Groups VII and VIII, in contrast, appeared to be regulated in a manner that was independent of FNR. In addition, the expression profile of some groups (IV, VI) did not fit into any characterized models of FNR regulation, and thus, further analysis is required to determine the mechanism of regulation of these groups of genes. Nevertheless, genes that clustered by common gene expression patterns also showed a strong functional relationship, which may provide clues to the function of unknown genes in each group.
The log 2 intensity of the transcript signal determined for the FNR ϩ and FNR Ϫ strains grown under either aerobic or anaerobic conditions is presented for each group in Fig. 2 . Where there are known or predicted polycistronic operons, the other operon members are included for comparison. The transcription start sites are those either predicted by RegulonDB (http:// www.cifn.unam.mx/Computational_Genomics/regulondb/), Bockhorst et al. (8) , or the Ecocyc database (http://ecocyc.org) or taken from the literature.
Group I: genes whose expression is increased under anaerobic conditions and whose activation is FNR dependent. Transcript levels of the 53 genes in Group I showed a pattern characteristic of genes that are activated by FNR (Fig. 2) . In this case, transcript levels were higher under anaerobic conditions than under aerobic growth conditions in the wild-type strain, and this increase in transcript levels was dependent on FNR. This group also contains the most-studied promoters of the FNR regulon. Several of these promoters have previously been shown to be directly regulated by FNR, and therefore, there is a high probability that other genes in this group have a similar mode of regulation. The functions encoded by this group of genes are primarily associated with the unique aspects of anaerobic metabolism of E. coli, such as anaerobic respiration using alternative reductases for nitrite (nirBD and nrfABC) (62) , DMSO (dmsABC) (4), and fumarate (frdABCD) (13, 37) , enzymes associated with anaerobic carbon utilization (glpABC and pepT) (17, 88) , proteins that facilitate transport of these compounds (dcuB and dppB) (2, 79) , maturation and cofactor synthesis of hydrogenase (hypABC and nikABCDE) (55, 61) , and enzymes that functionally replace an "aerobic" counterpart (nrdD [89] , which encodes the O 2 -sensitive anaerobic ribonucleoside triphosphate reductase). For many of the above genes, the promoter that is increased under anaerobic growth conditions is known, and in most cases, the FNR binding sites have been defined by mutagenesis (23, 36, 59, 60, 92) and/or by footprinting (28, 56) . The typical location of the FNR binding site is at a position centered ca. Ϫ41.5 bp upstream of the transcription start site (49) .
To determine whether any of the unknown genes in this group are regulated in a similar manner, we cloned a DNA fragment containing the region upstream of what was predicted to be the first gene in the operon into vectors for promoter-lacZ fusions. The plasmids containing promoter-lacZ fusions were amplified by specific primers, and those PCR fragments were recombined into the lac operon as described in Materials and Methods, such that these promoters replaced the chromosomal lac promoter located between lacI and lacZ. This method allowed for the study of the in vivo expression of these genes. Of the 22 unknown genes in this group, we chose to study the regions upstream of ynfE, ydfZ, ydhY, and ydjX because these genes showed some of the largest increases in expression when aerobically and anaerobically grown cells were compared (from 44-to 3.5-fold). In agreement with the array data, anaerobic growth of the strains containing the single copy promoter-lacZ fusions (Fig. 3A) showed that the expression of ynfE, ydfZ, ydhY, and ydjX was strongly dependent on FNR, since an 86-to 13-fold reduction in ␤-Gal was observed by comparing FNR ϩ and FNR Ϫ strains. With all four promoter constructs, we were able to restore activity to each FNR Ϫ strain with a plasmid-encoded copy of FNR (data not shown). We also chose a gene, yfcZ, on whose expression FNR showed a small effect. The in vivo analysis of a yfcZ-lacZ fusion strain revealed that the expression of yfcZ was not as strongly regulated by FNR, in agreement with the microarray data (data not shown). Of the unknown genes that are highly regulated by FNR, ynfE is part of an operon that encodes a putative DMSO reductase (54) , ydhY is predicted to be an Fe-S-containing oxidoreductase, ydfZ is postulated to be involved in selenium delivery (44) , and ydjX is a putative membrane protein.
To establish whether FNR directly regulated the transcription of these promoters, we measured FNR-dependent transcription activation in a purified system using DNA templates containing the analogous region of DNA that was used to construct the promoter-lacZ fusions. Results from the in vitro transcription assays for promoters ynfE, ydjX, ydhY, and ydfZ were in agreement with the in vivo data and showed that FNR directly activated transcription of these promoters (Fig. 4) . For yfcZ, little to no difference in transcription was observed upon addition of FNR, suggesting that either other factors are required for initiation of transcription or additional DNA sequences within the yfcZ promoter are needed for transcription.
FIG. 2-Continued. In addition, the approximate location of the transcription start site of these activated promoters was estimated from the size of the transcript. Inspection of the DNA sequence in the upstream region of these promoters with the ScanAce program revealed the presence of putative FNR sites. Three promoters (PynfE, PydhY, and PydfZ) had a putative FNR site centered at ϳ41.5 bp upstream of the transcription start site, a position typical of previously characterized FNR class II promoters (49) . One promoter (PydjX) contained an FNR site at a class I spacing (60.5 bp upstream of the transcription start site), making this the first naturally occurring class I FNR-dependent promoter characterized by in vitro transcription assays.
Using the ScanAce algorithm, we also found putative FNR sites in the regions upstream of other operons of unknown function (yjiM and yfeX), suggesting that these genes may also be directly regulated by FNR (Fig. 2) . No putative FNR sites were found upstream of yjjI, yiaI, yecH, ynfK, yliH, and yhbUV. Further analysis is necessary to determine whether FNR directly regulates the expression of these genes.
In summary, we identified 53 genes in group I that are upregulated by FNR. Twenty-seven of these genes have functions associated with anaerobic metabolism and have previously been established to be members of the FNR regulon. However, members of the FNR regulon (e.g., nap [85] , narG [51] , narK [42] , and fdn [50] operons) that were previously shown to be strongly nitrate dependent were below the threshold of detection ability in our analysis. These genes are also known to require the nitrate-responsive two-component regulatory system (84, 94) , thus indicating the need for further studies in the presence of nitrate to identify members of this subgroup of genes regulated by FNR. In addition, we found that four operons containing genes of unknown function were directly regulated by FNR, suggesting that these genes encode new anaerobic metabolic functions.
Group II: genes whose expression appears to be repressed by FNR under anaerobic conditions. Under anaerobic growth conditions, transcript levels of 39 genes, representing 35 operons (group II) (Fig. 2) , were increased in the strain lacking FNR relative to wild-type strain MG1655, indicating that FNR repressed their transcription under anaerobic growth conditions. Repression by FNR has not been as well studied as activation and, as a consequence, not as many genes were known to be repressed by FNR. In addition, repression of genes under anaerobic conditions has largely been attributed to the ArcAB system (29) .
Nevertheless, among this group of genes is ndh, which codes for the aerobic respiratory enzyme NADH dehydrogenase II (10) . Repression of ndh by FNR has been well characterized and requires two FNR binding sites, located at Ϫ50.5 and Ϫ94.5 relative to the transcription start site, for maximal repression (58) . Expression of the pdh operon (pdhR-aceEF-lpdA and aceFA-lpdA encode subunits of the pyruvate dehydrogenase complex) is also known to be repressed under anaerobic conditions (70) . We found that the expression pattern of aceEF was indicative of the group II genes, but lpdA had an expression pattern similar to those genes found in group III. These results may be explained by the finding that the pdh operon contains two major promoters: Ppdh, which generates a pdhRaceEF-lpdA transcript, and Plpd, which produces an independent lpdA transcript. Plpd is anaerobically repressed by ArcA, whereas the Ppdh promoter was not strongly regulated by FNR or ArcA. Lastly, the expression of katE (76) (encoding catalase), nrdAB (11) (aerobic ribonucleoside diphosphate reductase), and poxB (14) (pyruvate oxidase) is also known to be reduced under anaerobic conditions through as-yet-undetermined mechanisms.
The functions of the remaining 33 genes in this group, including 15 genes of unknown function, have not been previously examined under anaerobic conditions. They represent different functional groups, such as intermediary metabolism (talA and tktB), biosynthesis of cofactors (thiF and folX), ribosomal protein synthesis and modification (rpsV), Fe-containing proteins (bfd and dps), cell division (fic), transport of small molecules (srlA and manX), osmotic adaptation (otsAB and osmC), and amino acid biosynthesis (hisD). To determine whether FNR directly effected the expression of talA, encoding transaldolase A of the nonoxidative branch of the pentose phosphate pathway, we constructed a talAЈ-lacZ fusion and measured its activity in both the presence and the absence of 
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at Penn State Univ on February 5, 2008 fnr. In a strain lacking fnr, ␤-Gal activity was twofold greater than in the wild-type strain, suggesting that FNR represses talA expression (Fig. 3B) . However, even in the absence of FNR, we were unable to detect a transcript in our in vitro transcription system using a template that contained the same upstream sequences, suggesting that expression of the talA promoter may require additional factors or that it is a weak promoter (data not shown). The ScanAce algorithm identified putative FNR binding sites with a score higher than 9 for talA as well as aceE, ybiJ, yhbW, ybiI, and ycaC; ycaC possesses two putative FNR sites, consistent with another well-characterized member of this group, ndh. Thus, these latter genes are also candidates for direct repression by FNR. Finally, some of the genes in this group, such as rpsV, fic, otsAB, poxB, dps, and katE, also belong to the RpoS ( S ) regulon (53) . In order to test whether FNR specifically represses genes in the rpoS regulon or whether FNR acts on rpoS directly, we measured the ␤-Gal activity from fnr ϩ and ⌬fnr derivatives of strains containing an rpoSЈ-lacZ fusion grown under anaerobic conditions (80) (Fig. 3B) . The FNR ϩ strain had half as much ␤-Gal activity as the strain lacking FNR, suggesting that FNR does repress rpoS expression under anaerobic conditions. In addition, ScanAce revealed the presence of multiple FNR sites within the rpoS promoter region. This loss of repression of rpoS expression by FNR may contribute to the increase in transcript levels of the RpoS-dependent genes in group II in the strain lacking FNR. However, we are also aware of recent studies that show a prominent role of growth rate in the regulation of RpoS (34) . Therefore, it is also possible that the differential expressions of genes in the RpoS regulon observed here might be attributed to the complex regulation of RpoS rather than a direct effect of FNR.
Group III: genes whose expression is decreased under anaerobic conditions and whose repression is partially FNR dependent. Transcript levels of 55 genes (Fig. 2) were decreased in wild-type strain MG1655 under anaerobic growth conditions compared to aerobic conditions. Furthermore, in a strain lacking FNR, transcript levels were increased, although not always to the same level found in aerobic growth conditions. These data suggest that factors, in addition to FNR, repress these genes.
The majority of the genes in this group have known "aerobic" functions, providing a rationale for their repression under anaerobic conditions. Several gene products function in facilitating energy production under aerobic conditions (TCA cycle, aerobic respiration, etc.) and include the enzymes of the TCA cycle (gltA, acnB, icdA, sucABCD, lpdA, sdhCDAB, fumA, mdh, and mqo) (29) , glyoxylate bypass (aceA) (6), cytochrome oxidase (cyoABCDE) (57) , and aldehyde dehydrogenase (aldA) (68) . Previous studies have shown that the expression of these genes is reduced under anaerobic conditions. In addition, the expression of cyoABCDE (18) , sucABCD, sdhCDAB (63) , sodA (31) , tpx (41) , fumA (65) , and icdA (15) was shown to be negatively regulated by both FNR and ArcA under anaerobic conditions. ArcA and not FNR has previously been shown to negatively regulate gltA (66) , acnB (20) , lpdA (21) , mdh (64) , mqo (95) , and aldA (68) . Since FNR has also been reported to enhance arcA expression under anaerobic conditions (although this result was not observed in our studies), it raises the question of whether the effects of FNR observed with this group are all direct. Nevertheless, the ScanAce algorithm predicted that mdh, mqo, gltA, aldA, and icdA have at least one FNR site. Thus, these data indicate an interesting but complex relationship between FNR and ArcA in controlling the expression of genes in group III.
Other gene products in group III also function primarily under aerobic growth conditions and include betT, which is involved in the O 2 -dependent synthesis of the osmoprotectant glycine-betaine from choline, and gcd, which encodes the pyrroloquinoline-dependent glucose dehydrogenase. Transcription of both gcd and betT has been reported to be repressed under anaerobic conditions (45, 96) . Neither gene is predicted to have an upstream FNR site, and ArcA was implicated in the negative regulation of betT.
Group III genes also include functions induced by oxidative stress conditions. Previous studies have shown that the transcription of the genes encoding Mn-dependent superoxide dismutase (sodA), thiol peroxidase (tpx), and thioredoxin 2 (trxC) is repressed under anaerobic conditions, in agreement with the results obtained here. FNR binding sites were predicted with ScanAce in the control regions of tpx and sodA. Recently, another group III operon, sufABCDSE, which encodes functions that facilitate biosynthesis of iron-sulfur clusters, has also been shown to be upregulated under oxidative stress conditions (47) . In addition to our finding that transcript levels of sufA, the first gene in the operon, were decreased under anaerobic conditions, we found that sufD showed an even greater decrease in transcript levels than that of the three preceding genes in the operon. To determine whether the decreased transcript levels reflected regulation of distinct promoter regions, we constructed lacZ fusions to the region upstream of sufA and to the region upstream of sufD. In strains lacking FNR, ␤-Gal activity from both sufAЈ-lacZ and sufDЈ-lacZ was greater than that of the FNR ϩ strain (Fig. 3B) . Transcripts of sufA or sufD were poorly detected in the in vitro transcription system, precluding a test of FNR in their repression. Nevertheless, the in vivo expression data support the view that FNR represses expression of this operon and also suggest that there is an internal promoter within the operon controlling at least the expression of sufD. We also tested another member of this group, iscR, which is the first gene of the isc operon encoding another pathway for iron-sulfur cluster biogenesis. However, in this case, ␤-Gal activity of an iscRЈ-lacZ fusion showed that FNR has little to no effect on the expression of the iscR promoter (data not shown). This result was also confirmed by in vitro transcription assays (data not shown).
The remaining genes in this expression group have not been previously studied under anaerobic conditions, yet all function almost exclusively in metabolism, particularly in transport. These genes are psiF (induced by phosphate starvation), glpFK (glycerol facilitator and glycerol kinase), mglAB (galactose transport), argT (lysine-, arginine-, ornithine-binding periplasmic protein), cstA (carbon starvation protein), gltI (glutamate/ aspartate transport protein), kgtP (␣-ketoglutarate permease), fhuF (Fe 3ϩ transport), and ndk (nucleoside diphosphate kinase). The ScanAce algorithm predicted that kgtP has one FNR binding site, whereas glpF and fhuF each have two FNR sites, indicating that FNR could be acting directly to repress their transcription.
Group IV: genes that are upregulated by FNR under anaerobic conditions but are only somewhat O 2 regulated. Fifty-five genes showed a decrease in expression in a strain lacking FNR, although surprisingly, their expression in a wild-type strain was only slightly increased under anaerobic conditions (Fig. 2) . Expression of feoB, encoding the iron(II) transporter, has previously been shown to be mediated by FNR, as an FNR Ϫ strain was unable support feoAB transcription (39) . A putative FNR binding site was identified in the feoAB promoter region, suggesting that regulation by FNR is direct.
The majority (49 of 55) of the genes in this group function in flagellar biosynthesis, chemotaxis, or motility, which have not previously been found to be regulated by FNR. The master regulator known to control expression of these classes of genes is FlhD/FlhC; however, levels of flhDC transcripts remained constant under all conditions tested. In addition, no FNR sites were predicted in the region upstream of any of these genes, including FlhD/FlhC. Thus, while it seems likely that FNR does not directly effect transcription of these genes, the decrease in expression in ⌬fnr strains remains unexplained.
Group V: genes that are slightly upregulated under anaerobic conditions but repressed by FNR. Transcription of genes in this group appears to be slightly upregulated under anaerobic conditions (Fig. 2) . However, in anaerobically grown strains lacking FNR, expression of these genes was increased, suggesting that anaerobic expression of genes in group V is repressed by FNR and that the increase in expression under anaerobic conditions must be from another factor.
One of the best-characterized FNR-regulated genes in this group is cydAB, encoding the terminal cytochrome d oxidase that reduces O 2 to H 2 O. Cytochrome d oxidase has a higher affinity for O 2 than cytochrome o oxidase, and accordingly, it is the more highly expressed cytochrome oxidase under O 2 -limiting conditions. Transcription of genes encoding cytochrome d oxidase (cydAB) has previously been shown to be maximal under microaerobic conditions, whereas under anaerobic conditions, transcription is intermediate between microaerobic and fully aerobic conditions (19) . This pattern of expression results from ArcA activation as O 2 becomes limited, while FNR represses cydAB as O 2 is depleted. Thus, the slight increase in cydAB transcripts observed under anaerobic growth conditions in the microarray data can be explained by ArcA activation, and the increase in cydAB transcripts in the absence of FNR is due to the loss of FNR repression.
Many of the genes in this group (cfa, gadAB, ompC, slp, hdeABD, wrbA, ybaST, yhiEWX, and xasA) are also regulated by a decrease in pH, called the acid stress response (91) . Of these genes, only gadAB and ompC have been previously shown to be induced anaerobically (3, 6) . Other genes in group V include iadA (isoaspartyl dipeptidase), accBA (acetyl-coenzyme A carboxylase subunits), ftn (iron storage), and a large number of genes of unknown function (yjiHGE, yhiD, yccJ, yccD, yliI, ybgE, yghZ, and yjbQ). ScanAce revealed putative FNR sites for cfa, hdeA, slp, ompC, wrbA, yccD, yliI, and yhiD, suggesting that FNR may act directly at these promoters. All of the known genes in this group, except slp and ftn, also belong to the RpoS ( S ) regulon (53). As with group II genes, the loss of repression of rpoS expression by FNR may contribute to the increase in transcript levels of rpoS-dependent genes in group V or may be an indirect effect of regulation of RpoS. Thus, regulation of this group of genes appears to be complex.
Group VI: genes that are repressed by FNR but that do not show any O 2 -dependent changes in gene expression. Twentytwo genes clustered into group VI have similar levels of transcripts in both anaerobically and aerobically grown wild-type cells (Fig. 2) . However, expression of these genes was upregulated under anaerobic growth conditions in the absence of FNR. None of these genes have previously been studied under anaerobic conditions. The 18 known genes belong to different functional groups, such as carbon metabolism (pgi, pfkB, glgS, and fbaB), surface structures (csgDEFG and fimICDFGH), and resistance to copper and silver (cusCFBA). Analysis with ScanAce revealed that five genes (glgS, cusC, pfkB, ydhD, and fimI) contain putative FNR sites. To determine whether the effects of FNR on cusC and csgD were direct, we constructed lacZ fusions to the region upstream of these genes. FNR had very little effect on the expression of either cusCЈ-lacZ or csgDЈ-lacZ (data not shown), suggesting that the effects of FNR on cusC and csgD expression may not be direct or, alternatively, that an unrecognized regulatory element was not present in the DNA region selected to construct the promoterlacZ fusions.
Group VII: genes that are repressed under anaerobic conditions independently of FNR. Expression of the 12 genes in group VII was decreased under anaerobic conditions in both wild-type and FNR mutant strains, indicating that the regulation of these genes is independent of FNR (Fig. 2) . The genes of known function are malK (maltose transport), phoH (phosphate starvation-inducible protein), and exbBD (transport of iron compounds). The rest of the genes in this group are of unknown function and include yigL, ydcI, ycjK, yejG, ycdN_2, yeeF, ychL, and yncE. ScanAce analysis revealed that only yejG contains a putative FNR binding site, supporting the hypothesis that genes in group VII are regulated in an FNR-independent manner.
Group VIII: genes whose expression is increased under anaerobic conditions and whose activation is FNR independent. Transcript levels of the 23 genes in group VIII were increased anaerobically (Fig. 2) . This increase in anaerobic expression does not appear to be FNR dependent, as shown by the fact that strains lacking FNR showed no differences from the FNR ϩ strain in transcript levels. Several of the genes within this group have previously been shown to be upregulated anaerobically.
Among this group are genes with key functions in fermentative pathways. pflB (pyruvate formate-lyase) catalyses the nonoxidative cleavage of pyruvate to formate (74) . Located in the same operon as pflB is focA, the formate transporter (90) . Previous studies have shown that the focApfl operon is upregulated anaerobically and that transcription is directed by multiple promoters that are controlled by ArcA and FNR (38) . Thus, while our analysis did not indicate a role for FNR in focApflB expression, potential changes in transcript levels in the absence of FNR may have been masked by the presence of multiple promoters.
Other fermentative functions that showed an FNR-independent increase in transcript levels were adhE, encoding an alcohol dehydrogenase (16, 48) , ackA (43) , encoding acetate kinase, and hycG (5), encoding a subunit of formate hydrogenlyase or hydrogenase-3. Previous studies did not indicate a role for FNR in the anaerobic expression of these genes (5, 48) , in agreement with the findings here.
Other members of this group include the genes coding for the Ni-Fe hydrogenases 1 and 2, hyaABCDFE and hybOABC-DEFG, respectively. Both of these operons have previously been reported to be induced under anaerobic conditions (71) . However, the factors controlling the anaerobic transcription of hya and hyb have not been completely established, since neither FNR nor ArcA could completely account for the anaerobic induction of these operons. In addition, anaerobic induction of hya expression was partially dependent on AppY, while hybO expression was partially dependent on NarP even in the absence of nitrate. Thus, the regulation of these two promoters is complex, and differences in strains and/or growth conditions may explain why we did not observe FNR-dependent regulation in our experiments.
The other seven members of this group include genes involved in zinc resistance (zraP) and genes of unknown function (ydiH, yfhM, ybcW, ycbJ, ygjU, and yfjO). Analysis of the genes in group VIII with ScanAce revealed that, despite the FNRindependent induction of genes in this group, seven genes contain putative FNR sites: adhE, hycA, focA, ybcW, ycbJ, ackA, and yfjN. Thus, it remains an open question whether FNR contributes to expression of these genes, particularly if they have complex promoters with multiple transcription initiation sites, as observed with focApflB.
Genes that do not fit any expression group. There are 10 genes whose expression pattern did not cluster with any of the other groups (Fig. 2) . In the case of fnr, the reason can be explained by the deletion of the gene in the mutant strain. In agreement with previous observations, the expression of fnr in the wild-type strain shows a slight decrease under anaerobic conditions, as expected from a gene that is negatively autoregulated (83) . Levels of transcripts of three genes, ymdA, yqjH, and yjdA, were unchanged in the wild-type strain under the experimental conditions tested but were decreased in a strain lacking FNR under anaerobic conditions.
Although previous studies demonstrated that FNR is inactivated by the presence of O 2 , expression of glnK and yedL decreased under aerobic growth conditions in an fnr mutant compared to the wild-type strain. In contrast, transcript levels of aegA, phnA, and ycfH were increased under aerobic conditions in an fnr mutant strain compared to the wild type, although this aerobic effect of FNR was not observed with an aegAЈ-lacZ fusion (12) . yfiD expression was anaerobically induced in the wild-type strain, while in the absence of FNR, both the aerobic and anaerobic expression levels were decreased. Previous studies have shown that YfiD is an acidinducible protein, and its expression is regulated by two FNR sites at Ϫ40.5 (FNR I) and Ϫ93.5 (FNR II) upstream of its transcriptional start sites (6, 27) . FNR binding at FNR II impairs the ability of FNR I to activate transcription anaerobically. No data are available to explain why yfiD expression was altered by FNR under aerobic conditions in this study. Phenotype of null mutants of genes of unknown function. To test whether the disruption of representative genes of unknown function caused a general defect in anaerobic respiration, 39 mutants were screened for growth on glycerol nitrate-containing agar under anaerobic conditions. There was no observed difference in growth for any of these strains except for the disruption in yjjI. Under anaerobic conditions, this mutant produces small colonies on glucose and no growth on glycerol and nitrate. This defect was specific to anaerobic conditions, since growth was normal when this strain was incubated on the same medium under aerobic conditions.
Comparison of microarray data to other data in the literature. During preparation of this paper, Salmon et al. (73) reported results of global gene expression profiles of E. coli K-12 strain MC4100 grown under aerobic and anaerobic conditions and the effect of FNR on these global gene expression patterns. A comparison of the two data sets using the statistical program reported by Salmon et al. (http://visitor.ics.uci.edu/ genex/cybert/) indicated differences in the genes that were regulated by these conditions; the number of genes from MG1655 whose expression is changed between anaerobic and aerobic conditions with 95% confidence is 962, whereas the number for MC4100 is 1,445. However, only 334 genes are common to both data sets, and of those, 123 genes are regulated in the opposite direction, leaving only 211 genes that show similar patterns of regulation by FNR and/or anaerobiosis. In addition, three of the most highly expressed genes found in our study, which we also showed to be directly regulated by FNR, were not found in the data set of 1,445 genes.
While we cannot definitively say why the results differ, it is possible that strain backgrounds could account for at least some of the differences between the two data sets. We analyzed MG1655 (seq), the K-12 (F Ϫ Ϫ ilvG rfb-50 rph-1 eut) strain from the Yale stock center that was sequenced in the Blattner lab (7), reisolated from cultures frozen while sequencing was in progress, verified to be FNR ϩ , and redeposited in the stock center after sequencing (www.genome.wisc.edu). We are also aware that an FNR Ϫ variant of MG1655 was unknowingly in use in the scientific community (81) , which likely resulted from distribution of a mixed culture by the E. coli stock center (cgsc.biology.yale.edu), an issue that was corrected in 2003. MG1655 is considered to be a good approximation to the original E. coli K-12 isolate. In contrast, MC4100 has a different set of mutations [F Ϫ araD139(argF-lac)U169 rspL150 relA1 flbB5301 fruA25 deoC1 ptsF25], including a large deletion (97 kb) from argF to lac. Recently, the endpoints of four deletions of MC4100 were mapped by comparing the genomes of MC4100 and MG1655 (69) , which demonstrated the loss of 133 open reading frames, including 10 putative regulatory proteins from MC4100. In addition, the other known mutations of MC4100, in relA (stringent response) and pts (a mediator of energy-coupled transport), might indirectly affect the response of E. coli to anaerobiosis. Although, we cannot rule out that differences in array platforms and/or growth conditions also contributed to differences between the two data sets (73) , it seems that differences in the genotype between MG1655 and MC4100 is at least one possibility. Additional experiments will be needed to resolve this question.
Conclusion. The studies described here reveal the global changes in gene expression of E. coli K-12 strain MG1655 that are dependent on environmental O 2 and/or the anaerobic regulator FNR. A total of 297 genes, which belong to 184 operons, show significant changes in transcript levels by either of these variables. Taking all of the genes in the 184 operons into account, we propose that up to 465 genes may be regulated by FNR and/or anaerobic conditions in strain MG1655. Of the 184 operons, 47 or 26% (86 genes) agree well with previously published work on individual genes and operons, confirming the accuracy of the global gene expression array method.
A striking outcome of this study is the number of genes regulated by O 2 and/or FNR that were not previously implicated in the anaerobic response. For 97 of the 206 genes of known function, we are unaware of any previous reports of O 2 levels affecting their regulation or function. We also found that 73 genes of unknown function are regulated by O 2 and/or FNR. Interestingly, the seven most highly anaerobically induced genes are unknown genes: ynfEFG (putative DMSO reductase), ydfZ (a selenium binding protein), ydhV (hypothetical protein), yhiE (hypothetical protein), and yliH (putative receptor). These results reinforce the view that while the anaerobic lifestyle of E. coli has been well studied, we still lack a complete understanding of the cellular functions that facilitate growth under O 2 -limiting conditions.
While differences in the pattern of gene expression were used to cluster genes into eight major groups, the genes within each group also showed a strong functional similarity. Functions required for aerobic energy conservation, such as the TCA cycle and aerobic respiratory enzymes, belong largely to the repressed genes of group III. Most genes involved in anaerobic respiration fall into group I, which are upregulated by FNR anaerobically. The genes found in group IV are almost exclusively involved in flagellar biosynthesis, chemotaxis, and motility. The fact that genes within a group show a strong functional relationship should facilitate identifying the role of genes of unknown function within the same group. For example, the ynfEFG operon, located in group I with many wellcharacterized genes of anaerobic respiration, encodes the subunits of a putative DMSO reductase (54) . Therefore, it is very likely that other genes of unknown function in this group are also involved in anaerobic respiration.
The data reported here also indicate that gene regulation under anaerobic conditions involves complex integration with other pathways. For example, most of the genes in group III are repressed by the O 2 -sensing system mediated by ArcA (49, 70) , and although not directly demonstrated, the data in this paper suggest that these genes can also be repressed by FNR. In addition, we also observed overlap between the RpoS regulon and some of the FNR-repressed genes in group II and group V; approximately one-half of the total genes in the RpoS regulon (37 genes) have altered expression patterns in our experiments, although the significance of this finding remains to be established. We also observed overlap with regulons involved in other environmental sensing responses, such as acid stress response (group V) and oxidative stress (group III). A common feature of this subset of FNR-regulated genes is that they appear to be repressed by FNR. Therefore, an emerging theme from these studies is that FNR-repressed genes are subject to a number of regulatory inputs.
In conclusion, these data have enhanced our understanding of gene regulation under anaerobic conditions. Our findings suggest that as many as 465 genes of MG1655 are regulated by changes in environmental O 2 and/or FNR. As shown in Fig. 1 , a major consequence of these changes in gene expression is a reprogramming of energy metabolism to utilize alternative mechanisms of energy conservation in the absence of O 2 . Further characterization of these genes will allow us to gain even greater insight not only into the FNR regulon but also other functions required for adaptation to O 2 -limited environments.
